Introduction {#sec1}
============

Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer that accounts for 15%--25% of all breast cancer cases.[@bib1]^,^[@bib2] Its characteristic lack of expression of common receptors present on other subtypes of breast cancer (the estrogen, progesterone, and human epidermal growth factor 2 receptors) leaves TNBC unsusceptible to current targeted or hormonal therapies, leading to high mortality and recurrence rates.[@bib1], [@bib2], [@bib3] In this study, we introduce a promising alternative treatment strategy for TNBC that exploits its overexpression of Notch1 receptors[@bib4], [@bib5], [@bib6] to enable combination antibody-mediated signal cascade interference and microRNA (miRNA) replacement therapy.[@bib7]

miRNA replacement therapy involves the delivery of exogenous miRNA mimics to diseased cells to regulate gene expression. Upon cell entry, miRNA mimics bind specific messenger RNA (mRNA) molecules with either perfect or imperfect complementarity to induce mRNA degradation or translational repression, respectively.[@bib8] In TNBC, the tumor suppressor miRNA miR-34a is frequently downregulated or deleted, leading to enhanced cell survival, proliferation, and migration.[@bib9]^,^[@bib10] Delivering miR-34a mimics to these cells can effectively regulate downstream expression of a broad network of genes, resulting in phenotypic changes such as reduced proliferation and migration and onset of apoptosis or senescence.[@bib10], [@bib11], [@bib12] Unfortunately, naked miRNA mimics cannot be used clinically, as they experience significant barriers to delivery.[@bib8] For effective miRNA replacement therapy, miRNA mimics must avoid early clearance and degradation in the bloodstream, cross blood vessel walls, travel through the extracellular matrix of the tumor microenvironment, enter the target cell, escape endosomes, and load into the RNA-induced silencing complex (RISC) to enable gene regulation.[@bib8] In this work, we encapsulate miR-34a mimics in poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) to overcome these delivery challenges.

Several NP formulations have been developed to deliver miR-34a mimics to TNBC.[@bib13], [@bib14], [@bib15], [@bib16] Our group has previously created two layer-by-layer (LbL) NP systems that utilize either gold nanoshell[@bib13] or PLGA[@bib14] cores for TNBC therapy via miR-34a replacement. LbL NP formulations for miR-34a delivery to TNBC cells have also been developed using nanodiamond, protamine, and folic acid constructs.[@bib15] Finally, hyaluronic acid-chitosan NPs co-encapsulating miR-34a and doxorubicin (DOX) have been shown to suppress the expression of Bcl-2 to enhance the therapeutic efficacy of DOX.[@bib16] Taken together, these studies demonstrate the potential for enabling delivery of miR-34a mimics in combination with other therapeutic modalities as an alternative treatment strategy for TNBC. Intriguingly, several of these studies[@bib14]^,^[@bib16] and others[@bib17], [@bib18], [@bib19] have shown that miR-34a delivery can regulate Notch signaling, showing there is crosstalk between the pathways and suggesting that combining miR-34a delivery with Notch inhibition may be a potent therapeutic approach. Herein, we present PLGA NPs loaded with miR-34a mimics and functionalized with Notch1 antibodies as a system that can simultaneously regulate Notch1 signaling and enable tumor suppressive gene regulation via miR-34a delivery.

In this work, we coated miR-34a-loaded NPs with Notch1 antibodies to produce N1-34a-NPs that not only deliver miR-34a to TNBC cells, but also inhibit the Notch signaling pathway, which is aberrantly expressed in TNBC.[@bib5]^,^[@bib6] The overexpression of Notch1 receptors on the surface of TNBC cells serves as a resource for NP attachment, which may facilitate NP retention in the tumor microenvironment.[@bib20] In this study, we show that after binding TNBC cells, N1-34a-NPs can prevent Notch signaling activation by locking Notch1 receptors in a non-responsive state and blocking receptor-ligand interactions. Critically, our group and others have previously demonstrated that antibody-NP conjugates are much more effective than freely delivered antibodies because antibody-NP conjugates exhibit multivalent binding that yields enhanced signal cascade interference.[@bib21]^,^[@bib22] Thus, by functionalizing our NP formulation with Notch1 antibodies, we can suppress Notch signaling while also delivering miR-34a to the desired cells. We present the results of *in vitro* studies that confirm N1-34a-NPs can effectively regulate both Notch signaling targets and miR-34a downstream targets in TNBC cells to induce senescence and reduce cell proliferation and migration. These exciting observations provide evidence warranting further investigation of this system as an effective treatment for TNBC.

Results {#sec2}
=======

Characterization of Antibody and miRNA Loading in N1-34a-NPs and Analysis of NP Interaction with TNBC Cells {#sec2.1}
-----------------------------------------------------------------------------------------------------------

N1-34a-NPs and control NPs carrying either non-silencing miRNA (miR-Co), nonspecific immunoglobulin G (IgG) antibodies, or both were synthesized as depicted in [Figure 1](#fig1){ref-type="fig"}A and characterized using dynamic light scattering (DLS), zeta potential, OliGreen, and enzyme-linked immunosorbent assay (ELISA) measurements, which demonstrated that IgG or Notch1 antibodies were successfully conjugated to the surface of miR-Co- or miR-34a-loaded NPs. Prior to antibody conjugation, miRNA-loaded NPs had a hydrodynamic diameter and zeta potential of approximately 140 nm and −40 mV, respectively, with 0.37 nmol miR-Co and 0.36 nmol miR-34a encapsulated per 2 mg of PLGA ([Figures 1](#fig1){ref-type="fig"}B and 1C). After IgG or Notch1 antibody conjugation, the hydrodynamic diameter of NPs increased by approximately 20 nm and the zeta potential increased to around −8 mV, which indicates successful antibody attachment ([Figure 1](#fig1){ref-type="fig"}B). Antibody attachment was confirmed by ELISA measurements, which showed that the NPs contained approximately 4.6 μg of antibodies per mg of PLGA. OliGreen assays indicated that approximately 0.01 nmol of miRNA was lost from the NPs during the antibody functionalization procedure, leaving around 0.35 nmol of miRNA encapsulated per 2 mg of PLGA ([Figure 1](#fig1){ref-type="fig"}C). Altogether, these data demonstrate that miRNA can be successfully loaded in antibody-functionalized PLGA NPs.Figure 1Synthesis and Characterization of N1-34a-NPs(A) Scheme depicting N1-34a-NP synthesis. (B) Hydrodynamic diameter and zeta potential of bare miR-Co-NPs, bare miR-34a-NPs, IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, and N1-34a-NPs. Error bars indicate standard error. (C) Encapsulation efficiency of miRNA and loading of antibodies on the different NP formulations used in this study. Data represent means and standard deviations.

Following NP synthesis and characterization, we evaluated the interaction of Notch1 and IgG antibody-conjugated NPs with MDA-MB-231 TNBC cells and MCF-10A healthy mammary epithelial cells using flow cytometry. For these studies, the NPs were loaded with Cy5-tagged miR-Co in order to facilitate fluorescence analysis of NP delivery to cells. TNBC cells were first treated with IgG-Cy5-NPs or N1-Cy5-NPs at doses of 50 nM miRNA for 1, 4, 8, 12, 16, or 24 h, and then the Cy5 signal in the cells was analyzed by flow cytometry. These data demonstrate that N1-34a-NPs exhibit a time-dependent interaction with MDA-MB-231 TNBC cells, but the cells show no preference for Notch1-functionalized NPs compared to non-specific IgG-functionalized NPs ([Figure S1](#mmc1){ref-type="supplementary-material"}A). This prompted us to further probe the interaction of N1-Cy5-NPs with MDA-MB-231 TNBC cells and non-cancerous MCF-10A cells at the therapeutic dose used in subsequent studies (200 nM). These data indicate that N1-Cy5-NPs exhibit specific, enhanced interaction with MDA-MB-231 TNBC cells compared to MCF-10A cells ([Figure S1](#mmc1){ref-type="supplementary-material"}B).

N1-34a-NPs Regulate Notch Signaling and Downstream miR-34a Targets {#sec2.2}
------------------------------------------------------------------

To determine the influence of N1-34a-NPs on downstream Notch and miR-34a signaling ([Figure 2](#fig2){ref-type="fig"}A), we evaluated the expression of miR-34a and its downstream targets (*Bcl-2*, *survivin*, *CCND1*, *Notch1*, *MDR1*, *GFRA3*) as well as Notch signaling targets (*Hes1*, *Hes5*) in TNBC cells treated with IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, and N1-34a-NPs at 200 nM miRNA using real-time quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) and western blotting. The real-time qRT-PCR data demonstrate that miR-34a expression is elevated approximately 8-fold after treatment with IgG-34a-NPs and N1-34a-NPs ([Figure 2](#fig2){ref-type="fig"}B). However, IgG-34a-NPs, along with control IgG-Co-NPs and N1-Co-NPs, have minimal impact on downstream mRNA expression. In contrast, N1-34a-NPs substantially suppressed *Bcl-2* by 32%, *survivin* by 41%, *CCND1* by 45%, *Notch1* by 46%, *MDR1* by 31%, *Hes5* by 73%, and *GFRA3* by 56% ([Figure 2](#fig2){ref-type="fig"}C). Western blot analysis revealed similar results, as N1-34a-NPs reduced Bcl-2 expression by 29%, CCND1 by 30%, Notch1 by 41%, and Hes1 by 40% ([Figures 2](#fig2){ref-type="fig"}D and 2E; [Figure S2](#mmc1){ref-type="supplementary-material"}). Taken together, these real-time qRT-PCR and western blot data indicate that N1-34a-NPs can increase miR-34a levels in TNBC cells and regulate both miR-34a downstream targets and the Notch signaling pathway.Figure 2Nanoparticle Interaction with TNBC Cells and Evaluation of Gene Regulation(A) Scheme of posited NP interaction with MDA-MB-231 TNBC cells. Upon cellular binding (see also [Figure S1](#mmc1){ref-type="supplementary-material"}), N1-34a-NPs inhibit downstream Notch signaling through antibody-mediated signal cascade interference and also deliver miR-34a, which reduces the expression of several genes by guiding the RNA-induced silencing complex (miRISC) to targeted mRNA sequences with perfect (1) or imperfect (2) complementarity, resulting in mRNA degradation or translational repression. (B) Real-time qRT-PCR analysis of relative miR-34a levels after treatment with IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, or N1-34a-NPs (n = 3). U6 was used as a control, and relative expression is normalized to that of cells treated with IgG-Co-NPs. Error bars indicate standard error. (C) Real-time qRT-PCR analysis of relative *Bcl-2*, *survivin*, *CCND1*, *Notch1*, *MDR1*, *GFRA3*, and *Hes5* mRNA expression after treatment with IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, or N1-34a-NPs (n = 3). *GUSB* was used as a control, and relative mRNA expression is normalized to that of cells treated with IgG-Co-NPs. Error bars indicate standard error. ^\#^p \< 0.1, ∗p \< 0.05, ∗∗p \< 0.01. (D) Quasi-quantitative analysis of western blotting for normalized Bcl-2, CCND1, and Notch1 protein expression (n = 3). α-Tubulin was used as a control, and expression was normalized to expression in cells treated with IgG-Co-NPs. Error bars indicate standard error. ∗p \< 0.05, ∗∗p \< 0.01. (E) Representative western blot bands for Bcl-2, CCND1, Notch1, and α-tubulin protein levels. Bands are from a single blot that was stripped and probed for multiple targets.

N1-34a-NPs Induce Senescence and Reduce TNBC Cell Proliferation and Migration *In Vitro* {#sec2.3}
----------------------------------------------------------------------------------------

We further investigated the impact of IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, and N1-34a-NPs on TNBC cell viability and function using a senescence-associated β-galactosidase (SAβGal) assay, an 5-ethynyl-2′-deoxyuridine (EdU) proliferation assay, and a transwell invasion assay. We selected these assays because miR-34a and Notch signaling have been highly implicated in the regulation of cell senescence,[@bib9]^,^[@bib23], [@bib24], [@bib25] proliferation,[@bib23]^,^[@bib25], [@bib26], [@bib27] and migration.[@bib9]^,^[@bib23]^,^[@bib26]^,^[@bib27] The SAβGal assay showed that N1-34a-NPs begin inducing β-galactosidase activity in MDA-MB-231 TNBC cells after a 4-h treatment period, indicating an onset of senescence ([Figure 3](#fig3){ref-type="fig"}A). We also evaluated the effect of these NPs on cell proliferation after a 48-h treatment period using an EdU assay. The results demonstrate that N1-Co-NPs can reduce cell proliferation by 13%, which we attribute to the Notch inhibition mediated through the Notch1 antibodies on the NPs. Excitingly, N1-34a-NPs have an enhanced effect on cell proliferation, as they reduce EdU-positive cells by 26%, which is double the inhibition observed for NPs carrying only Notch1 antibodies ([Figure 3](#fig3){ref-type="fig"}B). Finally, we investigated the effect of N1-34a-NPs on cell migration after 48 h through a transwell invasion assay. This study showed that N1-34a-NPs could reduce TNBC cell migration by 34% relative to controls ([Figures 3](#fig3){ref-type="fig"}C and 3D; [Figure S3](#mmc1){ref-type="supplementary-material"}). Altogether, these data indicate that N1-34a-NPs can functionally impair TNBC cells by activating senescence and inhibiting cell proliferation and migration.Figure 3Effect of N1-34a-NPs on TNBC Cell Viability, Proliferation, and Migration(A) Representative images of SAβGal assay of MDA-MB-231 cells treated with IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, or N1-34a-NPs. Green color indicates β-galactosidase activity. Red arrows indicate cells with disperse staining. Scale bars= 50 μm. (B) Percent proliferation of MDA-MB-231 cells treated with IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, or N1-34a-NPs (n = 4). Error bars indicate standard error. ∗p \< 0.05. (C) Normalized number of GFP-expressing MDA-MB-231 cells migrated through the transwell insert after treatment with IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, or N1-34a-NPs (n = 3). (D) Representative fluorescence images of GFP-expressing MDA-MB-231 cells migrated through the transwell insert after treatment with IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, or N1-34a-NPs. See also [Figure S2](#mmc1){ref-type="supplementary-material"}. Scale bars = 500 μm

Discussion {#sec3}
==========

In this work, we used PLGA NPs as carriers of both miR-34a mimics and Notch1 antibodies to effectively treat TNBC by a combination of miRNA replacement therapy and antibody-mediated signal cascade interference. We showed by real-time qRT-PCR and western blotting that these N1-34a-NPs could deliver miR-34a to TNBC cells and inhibit the expression of several targets of miR-34a and Notch signaling, including *Bcl-2*, *survivin*, *CCND1*, *Notch1*, *GFRA3,* and *MDR1 in vitro.* This gene regulation induced senescence and reduced cell proliferation and migration, which is in agreement with the known roles of miR-34a and Notch signaling in cancer cell biology.[@bib9]^,^[@bib23], [@bib24], [@bib25], [@bib26], [@bib27] With further optimization and *in vivo* evaluation, these N1-34a-NPs may offer a promising strategy to treat TNBC.

Future studies that continue this work should investigate the optimal loading of miRNA and antibody components within the NP formulation. First, by increasing the quantity of miRNA in each NP, this treatment strategy may achieve similar therapeutic effects with fewer NPs administered. This alteration mitigates the risk of experiencing adverse effects from the PLGA content and may improve the formulation's performance *in vivo* by reducing the risk of release of tumor necrosis factor (TNF)-α.[@bib28]

In addition to altering the loading of miRNA in these NPs, the density of the antibodies on the surface of the particles should be optimized in future work. As synthesized here, N1-34a-NPs have a diameter of approximately 170 nm and an antibody loading of 4.6 μg per mg of PLGA. These NPs preferentially bind MDA-MB-231 cells versus MCF-10A cells ([Figure S1](#mmc1){ref-type="supplementary-material"}B), but they show no notable advantage in binding MDA-MB-231 cells compared to non-specific IgG-functionalized NPs. Notably, in previous work, we have created Notch1 antibody-functionalized NPs that are approximately 70 nm in diameter and contain 9.1 μg of antibodies per mg of PLGA; these NPs exhibit sustained preferential and specific binding of TNBC cells, which translates to enhanced tumor accumulation and retention compared to IgG-functionalized NPs *in vivo*.[@bib29] We posit that the difference in particle size and antibody loading density between N1-34a-NPs and our previous NP formulation is responsible for the disparity in obtaining preferential and specific binding to MDA-MB-231 TNBC cells. This would be in agreement with prior studies that show cellular binding of NPs is significantly impacted by the size and shape of the NP[@bib30], [@bib31], [@bib32], [@bib33] and by the density of the targeting moiety presented on the surface of the NP.[@bib32]^,^[@bib33] Future studies are needed to define the optimal size of the particles and density of Notch1 antibodies on these NPs to maximize TNBC cell-specific binding and potentially increase downstream Notch signaling inhibition.

While N1-34a-NPs did not display enhanced binding to TNBC cells in this work relative to IgG-functionalized NPs, we did find that Notch1 antibody functionalization was critical for eliciting significant therapeutic effect. The Notch signaling targets *Hes5* and Hes1 were suppressed only with Notch1 antibody-coated NPs, which confirms that the amount of NP binding was sufficient to elicit signal cascade interference. Likewise, even though N1-34a-NPs and IgG-34a-NPs had similar levels of interaction with TNBC cells and showed similar increases in miR-34a levels, only the Notch1-functionalized NPs had a notable effect on downstream miR-34a targets, indicating that the inclusion of Notch1 antibodies improves the efficacy of this formulation. It is known that coating NPs with receptor-specific moieties such as Notch1 antibodies can alter the mechanism of endocytosis and subsequently influence the intracellular fate of the NP and any cargo it is carrying.[@bib34], [@bib35], [@bib36] This altered trafficking can affect the potency of the cargo, which is particularly important for the delivery of RNA molecules such as miR-34a that require cytosolic delivery to engage the RNA interference machinery and elicit gene regulation.[@bib37] NPs typically enter cells through clathrin- or caveolae-dependent uptake mechanisms that lead to lysosomal accumulation, although in some cases caveolae have been shown to fuse with caveosomes to avoid lysosomal trafficking.[@bib38], [@bib39], [@bib40] Future studies should elucidate the intracellular fate of N1-34a-NPs in order to provide insight to their mechanism of action and therapeutic potential.

Finally, future studies should also evaluate N1-34a-NPs in the *in vivo* setting. Notch signaling is primarily implicated in early stages of tumor development and in cancer stem cells.[@bib41]^,^[@bib42] Additionally, Sethi and Kang[@bib42] have demonstrated that Notch signaling facilitates bone metastasis in later stages of tumor progression. However, its role in the primary tumor at these later stages has not been extensively explored. Reduced miR-34a expression has been associated with approximately 50% of TNBC cases and is correlated with poor prognosis.[@bib43]^,^[@bib44] Future studies should examine the expression of the Notch1 receptor in tumors of various sizes and miR-34a expression in tumors of various origins and determine the therapeutic efficacy of N1-34a-NPs when these expression levels are different than those explored in this work.

In conclusion, this study demonstrates that miR-34a-loaded, Notch1 antibody-functionalized PLGA NPs can effectively regulate Notch signaling and downstream miR-34a targets in TNBC cells *in vitro* to induce senescence and reduce cell proliferation and migration. These N1-34a-NPs are a promising alternative treatment for aggressive cancers such as TNBC that display lower levels of miR-34a and are driven by overexpression of Notch signaling. With additional optimization, development, and implementation, these NPs may substantially improve patient outcomes.

Materials and Methods {#sec4}
=====================

Synthesis of NPs {#sec4.1}
----------------

miRNA-loaded PLGA NPs were synthesized using a double emulsion method.[@bib45] Briefly, PLGA (Lactel, 50:50 carboxylic acid terminated, 0.55--0.75 dL/g) was dissolved in acetone (VWR International) at 2 mg/mL. miR-Co and miR-34a (Dharmacon, prepared as duplexes and stored in duplex buffer at 20 μM; miRNA sequences are listed in [Table S1](#mmc1){ref-type="supplementary-material"}) were mixed separately with a 1% poly(vinyl) alcohol (PVA) solution and then added dropwise to the PLGA in acetone at a concentration of 0.2 nmol/mg PLGA and stirred for 5 min to allow for homogenization. This mixture was subsequently added dropwise to a 0.1% PVA solution in a 1:3 volume ratio while stirring. This secondary emulsion continued to stir for 2 h, letting the acetone evaporate. The NPs were then purified using centrifugal filtration (Millipore, molecular weight cutoff \[MWCO\] of 50 kDa, 4,200 × *g*, 15 min) to remove unencapsulated miRNA and excess solvent. Rabbit anti-human IgG or Notch1 antibodies were conjugated to the surface of the bare NPs using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) chemistry.[@bib46]^,^[@bib47] Briefly, after centrifugal filtration, miRNA-loaded NPs were suspended in 4 mM EDC and 4 mM *N*-hydroxysulfosuccinimide sodium salt (sulfo-NHS) and incubated on a rocker at 4°C. IgG or Notch1 antibodies were then added to the solution for further incubation at 4°C. To remove free antibodies from solution after conjugation, the NPs were purified using trans-flow filtration (Spectrum, MWCO of 300 kDa). NPs were freshly prepared and used immediately for experiments.

Characterization of Antibody and miRNA Loading in NPs {#sec4.2}
-----------------------------------------------------

Purified NPs were characterized by DLS and zeta potential measurements on a Litesizer 500 instrument (Anton Paar) before and after antibody conjugation, and the reported intensity-based hydrodynamic diameter is the average of three measurements. miRNA encapsulation was quantified using an OliGreen assay. During NP synthesis, all filtrate containing unencapsulated miRNA was concentrated and analyzed alongside a standard curve of known miRNA concentration.

Antibody loading on the NPs was quantified using a solution-based ELISA modified from a previously published protocol.[@bib48] IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, N1-34a-NPs, bare miR-Co-NPs, or bare miR-34a-NPs were incubated with 10 μg/mL horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibodies for 1 h at room temperature. Unbound secondary antibodies were removed through centrifugation and the samples were suspended in 3% bovine serum albumin in phosphate-buffered saline (PBS). The samples were then developed in 3,3′,5,5′-tetramethylbenzidine (TMB) solution (TMB core; Bio-Rad) for 15 s before the reaction was stopped with 2 mM sulfuric acid. The absorbance was then measured at 450 nm on a Synergy H1 plate reader and compared to a standard curve of known HRP-IgG concentration to calculate the quantity of IgG or Notch1 antibodies conjugated per mg of PLGA.

Cell Culture {#sec4.3}
------------

MDA-MB-231 TNBC cells (ATCC) were cultured in Dulbecco's modified Eagle's medium (DMEM, VWR International) supplemented with 10% fetal bovine serum (FBS; Gemini Bio Products) and 1% penicillin-streptomycin (pen-strep; VWR International). MCF-10A cells (ATCC) were cultured in DMEM supplemented with 1% pen-strep, 5% FBS, 50 μg/mL bovine pituitary extract (Sigma), 0.5 μg/mL hydrocortisone (Sigma), 20 ng/mL human epidermal growth factor (STEMCELL Technologies), 10 μg/mL insulin (Thermo Fisher Scientific), and 100 ng/mL cholera toxin (Sigma). The cultures were maintained at 37°C in a 5% CO~2~ humidified environment. When cells reached 80%--90% confluency in T75 cell culture flasks, they were passaged or plated by detaching the cells from the flask using trypsin-EDTA (Thermo Fisher Scientific) and then counting cells with a hemocytometer.

Cellular Binding and Uptake of Cy5-Tagged miRNA-Loaded NPs {#sec4.4}
----------------------------------------------------------

To analyze cellular binding and uptake of antibody-functionalized particles, PLGA NPs were loaded with miR-Co tagged with Cy5 (Dharmacon; excitation 647 nm/emission 665 nm) and functionalized as described above to create IgG-Cy5-NPs and N1-Cy5-NPs. For flow cytometric analysis of cellular binding and uptake, cells were plated at 3 × 10^4^ cells per well (MDA-MB-231 cells) or 2 × 10^4^ cells per well (MCF-10A cells) in a 24-well plate and incubated overnight. Cells were then treated with IgG-Cy5-NPs or N1-Cy5-NPs at 50 or 200 nM miRNA or were left untreated and incubated for 0, 1, 4, 8, 12, 16, or 24 h prior to rinsing with PBS. The cells were then lifted off the plate with trypsin-EDTA and resuspended in PBS. All cell suspensions were analyzed using an ACEA NovoCyte 2060 flow cytometer with the allophycocyanin (APC) (excitation, 640 nm; emission, 675/30 nm) channel. Density plots showing forward and side scatter data were used to create a primary gate for cells, excluding debris, prior to analyzing Cy5 content. Flow cytometric analysis was performed in triplicate.

Evaluating Changes in Gene Expression Induced by NPs {#sec4.5}
----------------------------------------------------

To analyze the effects of IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, and N1-34a-NPs on gene expression in TNBC cells by real-time qRT-PCR, cells were seeded at 1.5 × 10^5^ cells per well in a six-well plate and incubated overnight. Cells were then treated with NPs at 200 nM miRNA for 48 h. At the conclusion of the treatment period, cells were rinsed with PBS and mRNA was extracted using a Bioline Isolate II RNA mini kit. Real-time qRT-PCR for *Bcl-2*, *MDR1*, *survivin*, *CCND1*, *Notch1*, *Hes5*, and *GFRA3* was then performed using SensiFAST SYBR one-step master mix on a LightCycler 96 (Roche), and gene expression was normalized to that of *GUSB*. Real-time qRT-PCR for miR-34a was performed using a TaqMan miRNA assay (Thermo Fisher Scientific), TaqMan miRNA reverse transcription kit (Thermo Fisher Scientific), and TaqMan universal PCR master mix (Thermo Fisher Scientific) on a peqSTAR thermal cycler (VWR International) and a LightCycler 96 (Roche). miR-34a expression was normalized to that of U6. These experiments were performed in triplicate and analyzed using a one-way ANOVA with a Tukey's *post hoc* test. Primer sequences are listed in [Table S2](#mmc1){ref-type="supplementary-material"}.

Investigating Changes in Protein Expression Induced by NPs {#sec4.6}
----------------------------------------------------------

To further evaluate the effects of N1-34a-NPs on Bcl-2, CCND1, Notch1, and Hes1 by western blotting, MDA-MB-231 cells were plated at 1.5 × 10^5^ cells per well in a six-well plate and incubated overnight. Cells were then treated as described for real-time qRT-PCR. After 48 h of treatment with NPs, the cells were rinsed with PBS and lysed in radioimmunoprecipitation assay (RIPA) buffer supplemented with Halt protease inhibitor in a 1:50 volume ratio. After removing membrane debris through centrifugation, the extracted protein was quantified using a DC (detergent compatible) protein assay (Bio-Rad), and 10 μg of protein was separated on 4%--12% Bis-Tris gels at 135 V for 60 min. Then, the protein was transferred to a 0.2-μm nitrocellulose membrane for 10 min using a power blotter system (Invitrogen). The membrane was subsequently blocked for 60 min in 5% milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) and then incubated with rabbit anti-human Bcl-2 (ProteinTech; 1:1,000), CCND1 (Cell Signaling Technology; 1:250), Notch1 (Cell Signaling Technology; 1:500), and Hes1 (Cell Signaling Technology; 1:500) antibodies in 5% milk in TBS-T overnight at 4°C. Mouse anti-human α-tubulin antibody (Cell Signaling Technology; 1:20,000) was used as the normalization control. After incubation in primary antibodies, membranes were washed three times in TBS-T and incubated with HRP-anti-rabbit or mouse IgG antibody (VWR International; 1:25,000) in 5% milk in TBS-T for 1 h at room temperature. Membranes were then washed twice in TBS-T and twice in TBS (without Tween 20), and protein bands were visualized using a Pierce enhanced chemiluminescence (ECL) detection solution (Thermo Scientific). Band densities were quantified in ImageJ, and Bcl-2, CCND1, Notch1, and Hes1 densities were normalized to that of α-tubulin prior to further normalizing treatment groups to the IgG-Co-NP group. The data shown represent the average band density across three trials and were analyzed using a one-way ANOVA with a Tukey's *post hoc* test.

Evaluating the Effect of NPs on Cellular Senescence {#sec4.7}
---------------------------------------------------

To determine the effect of IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, and N1-34a-NPs on cellular viability through a SAβGal assay, cells were seeded at 4 × 10^5^ cells per well in a six-well plate and incubated overnight. Cells were then treated with NPs for 4 h and senescence was evaluated using a SAβGal kit (Cell Signaling Technology) per the manufacturer's instructions. Stained cells were imaged on a Zeiss AxioObserver Z1 microscope equipped with a color camera.

Analyzing the Effect of NPs on Cell Proliferation {#sec4.8}
-------------------------------------------------

To analyze the effect of IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, and N1-34a-NPs on cellular proliferation via an EdU assay, cells were seeded at 1.0 × 10^5^ cells per well in a 12-well plate and incubated overnight. Cells were then treated with NPs at 200 nM miRNA for 48 h. At 16 h prior to the end of the treatment period, the cells were spiked with EdU at 10 μM. Cells were then prepared per the manufacturer's instructions modified for a single-cell suspension. Briefly, cells were fixed in 4% formaldehyde and permeabilized with 0.5% Triton X-100. They were subsequently incubated in the Click-iT reaction cocktail, washed in PBS, and examined on an ACEA NovoCyte 2060 flow cytometer with the fluorescein isothiocyanate (FITC) (excitation, 488 nm; emission, 530/30 nm) channel. Density plots showing forward and side scatter data were used to create a primary gate for cells, excluding debris, prior to analyzing EdU-labeling azide content. Flow cytometric analysis was performed in quadruplicate and statistical analysis was performed using a one-way ANOVA with a Tukey's *post hoc* test.

Investigating the Effect of NPs on Cell Migration {#sec4.9}
-------------------------------------------------

To evaluate the impact of IgG-Co-NPs, IgG-34a-NPs, N1-Co-NPs, and N1-34a-NPs on cellular migration using a transwell invasion assay, MDA-MB-231 GFP-expressing cells were plated at 1.5 × 10^4^ cells per well in a 96-well plate and incubated overnight. Cells were then treated with NPs at 200 nM for 48 h, at which time the cells were washed with PBS and lifted off the plate using 0.25% trypsin-EDTA. The cells were pelleted (0.3 relative centrifugal force \[RCF\], 5 min) and resuspended in DMEM (without supplements) at 25,000 cells per mL. Cells were then seeded in transwell inserts (Corning Life Sciences) at 5,000 cells per 200 μL and 700 μL of DMEM (with FBS and pen-strep supplements) was added beneath the insert in a 24-well black-walled, glass-bottom plate (Cellvis). The transwell samples were imaged on a Zeiss AxioObserver Z1 microscope after 48 h. ImageJ software was subsequently used to analyze the number of cells migrated within the entire transwell, and the data presented represent the average of three trials normalized to the IgG-Co-NP group. Statistical analysis was performed using a one-way ANOVA with a Tukey's *post hoc* test.
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